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Abstract
2q w 2qx .Mastoparan induced a transient elevation of cytosolic free Ca concentration Ca in tobacco suspension culturecyt
w 2qx  .cells. The mastoparan-induced Ca elevation was inhibited by 8- N, N-diethylamino -octyl 3,4,5-trimethoxybenzoate-cyt
HCl and neomycin but not by depletion of extracellular Ca2q, suggesting that the elevation was the result of Ca2q release
from the intracellular stores caused by stimulation of phosphoinositide turnover. Hydrogen peroxide which has been shown
wto induce an oxidative burst in soybean cells by mastoparan treatment L. Legendre, P.F. Heinstein, P.S. Low, Evidence for
participation of GTP-binding proteins in elicitation of the rapid oxidative burst in cultured soybean cells, J. Biol. Chem.,
 . x w 2qx267 1992 20140–20147 , also induced a transient Ca elevation in the tobacco cells. However, mastoparan did notcyt
induce an oxidative burst in the tobacco cells. Activation of a 50, a 75 and a 80 kDa protein kinases after the
w 2qxmastoparan-induced Ca elevation was shown by an in-gel protein kinase assay. This activation was inhibited bycyt
w 2qxneomycin, suggesting that the Ca elevation is necessary for the mastoparan-induced activation of the protein kinases.cyt
The activation was inhibited also by pretreatment with staurosporine and was sustained by pretreatment with calyculin A,
suggesting that the protein kinase activity is regulated by protein phosphorylationrdephosphorylation. The present report
w 2qxshows that mastoparan induces an increase in Ca without oxidative burst and subsequent activation of protein kinasescyt
in tobacco cells. q 1998 Elsevier Science B.V.
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1. Introduction
Mastoparan, a cationic-amphiphilic tetradecapep-
tide toxin which was isolated from wasp venom, has
been known to activate heterotrimeric GTP-binding
 .proteins G-proteins and has been used to manipu-
late cellular signaling pathways mediated through
w xG-proteins 23 . The existence of G-proteins in plant
cells is well documented and involvement of G-pro-
teins in physiological processes in plants has been
w xreported 17 . On the other hand, mastoparan has also
been reported to induce an oxidative burst in soy-
w xbean-suspension culture cells 14 and in cucumber
w xhypocotyls 9 , promotes a transient increase in inosi-
 .tol 1,4,5-triphosphate IP content in soybean culture3
w x  .cells 15 , activates phospholipase C PLC in carrot
w x w xcells 4 , phospholipase A in zucchini hypocotyl 24
w xand in soybean culture cells 3 , and phospholipase D
w xin carnation petals 18 .
Mastoparan causes an increase in intracellular Ca2q
w xin many types of animal cells 13,21 . In plants, it has
been reported that mastoparan induces a rapid in-
2q w 2qx .crease in cytosolic-free Ca concentration Ca cyt
w xin pollen tubes of Papa˝er rhoeas 5 and microin-
jected mastoparan induces a transient increase in
w 2qxCa in staminal hair of Setcreasea purpureacyt
w x30 . Calcium ions function as a primary second
w xmessenger in signal transduction of plant cells 2,19
and have been shown to modify a number of physio-
w xlogical processes 7,29 . Transient increase in
w 2qxCa has been reported to be caused by externalcyt
stimuli such as cold shock, fungal elicitor, wounding
w xand hydrogen peroxide 11,12,22 . In particular, we
w 2qxhave shown that Ca elevation induced by hy-cyt
poosmotic shock triggers activation of protein kinase
w xcascades in tobacco suspension culture cells 28 .
To elucidate the mastoparan-triggered signal trans-
duction via Ca2q signaling, we analyzed the change
w 2qxin Ca and protein kinase activities using thecyt
transgenic tobacco suspension culture cells express-
ing apoaequorin in their cytosol. In this paper, we
demonstrated that mastoparan induces a transient
w 2qx 2qCa elevation resulting from Ca release fromcyt
intracellular stores caused by stimulation of phospho-
inositide turnover and subsequently activates protein
kinases in the tobacco suspension culture cells.
2. Materials and methods
2.1. Chemicals
 .Mastoparan and myelin basic protein MBP were
 .purchased from Sigma St. Louis, MO, USA . Mas-17
 .was purchased from Peninsula Belmont, CA, USA .
Staurosporine and calyculin A were from Kyowa
 .Hakko Kogyo Tokyo, Japan . Neomycin sulfate and
 .8- N , N-diethylamino -octyl 3,4,5-trimethoxy-
 . benzoate-HCl TMB-8 were from Wako Osaka,
. w xJapan . 2-Methyl-6-phenyl-3,7-dihydroimidazo 1,2a
pyrazin-3-on, a Cripridina luciferin-derived chemilu-
 .minescent reagent CLA was purchased from Tokyo
 . w 32 xKasei Kogyo Tokyo, Japan . g- P ATP
 . 148 Tbqrmmol was obtained from ICN Cost Mesa,
.CA, USA . Prestained SDS-PAGE standards were
 .products of Pharmacia Uppsala, Sweden . Coelenter-
w xazine was synthesized as described previously 8 .
2.2. Cell culture
The transgenic tobacco Nicotiana tabacum L. cv
. bright yellow 2 suspension culture cells cell line
.BY-2 expressing apoaequorin which had been pre-
pared with Agrobacterium tumefaciens LBA4404,
w xcontaining the binary vector pMAQ2 11 as de-
w xscribed previously 27 , were used. The cells were
w xmaintained in Linsmaier–Skoog liquid medium 16
containing 0.2 mgrml of 2,4-D at 288C with shaking
at 130 rpm on a gyratory shaker in darkness and
subcultured every week with a 4% inoculum.
[ 2q]2.3. Measurement of Ca c yt
w 2qxMeasurement of Ca was carried out usingcyt
the tobacco cells expressing apoaequorin after incu-
bating with coelenterazine to reconstitute aequorin as
w x 2qpreviously reported 27 . Ca -dependent lumines-
cence emission from the transgenic cells was mea-
sured with a CHEM-GLOW Photometer American
.Instrument, MD, USA and expressed as relative light
 .units rlu . After each experiment, all the remaining
aequorin were discharged with 1 M CaCl in 10%2
ethanol and the resultant luminescence was measured
to estimate the amount of remaining aequorin. Cy-
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tosolic Ca2q concentration was calibrated according
w xto the procedure described by Knight et al. 10 .
2.4. Measurement of acti˝e oxygen
Cells were used without reconstitution of aequorin.
 . yCLA 10 mM , an O specific luminescent probe2
w x y20 was added to the cell suspension and O -depen-2
dent chemiluminescence was monitored with a
CHEM-GLOW photometer.
2.5. Protein kinase assay
The cells were treated with mastoparan and killed
by adding one-fourth volumes of chilled 50% tri-
chloroacetic acid at an appropriate time and kept for
30 min on ice. After centrifugation at 15 000=g for
15 min at 48C, the resulting pellets were resuspended
in 80% acetone. The suspensions were centrifuged at
15 000=g for 15 min at 48C. This procedure was
repeated twice. The pellets were solubilized in the
SDS-PAGE sample buffer and used for an in-gel
w xprotein kinase assay as reported previously 28 .
3. Results
3.1. Mastoparan transiently increases cytosolic Ca2q
concentration
When the tobacco cells containing aequorin in
their cytosol were treated with mastoparan, a tran-
sient increase in luminescence was observed Fig.
 ..1 A . Luminescence intensity rose immediately after
the treatment of mastoparan and returned to the origi-
w 2qxnal level within 1 min. The Ca at the peak ofcyt
luminescence was calibrated to be 453"14 nM ns
. w 2qx5 . The Ca elevation was dependent on thecyt
concentration of mastoparan and a detectable re-
  ..sponse was observed at 2 mM mastoparan Fig. 1 C .
w 2qxNo Ca elevation was induced by treating thecyt
cells with an inactive synthetic analog, Mas-17 at
  ..10 mM Fig. 1 B .
[ 2q]3.2. The mastoparan-induced Ca ele˝ation oc-c yt
curs without production of hydrogen peroxide
Mastoparan has been known to induce a rapid
w xoxidative burst in cultured soybean cells 14 and a
w 2q xFig. 1. The effect of mastoparan on Ca of the tobaccocyt
cells. The tobacco cells containing aequorin in their cytosol were
 .  .treated with A – 10 mM mastoparan or B – 10 mM Mas-17 at
the time indicated with arrows and luminescence was continu-
ously recorded. Similar results were obtained in five independent
 . w 2q xexperiments. C The Ca calibrated at the luminescencecyt
peak induced by various concentrations of mastoparan. Bars are
 .standard errors ns5 .
rapid and transient elicitation of hydrogen peroxide in
w xcucumber hypocotyls 9 . In addition, hydrogen per-
w 2qxoxide was reported to induce a transient Ca cyt
w xelevation in tobacco seedlings 22 . These reports
w 2qxsuggest that the mastoparan-induced Ca eleva-cyt
tion may be mediated by hydrogen peroxide pro-
duced. Thus, the involvement of hydrogen peroxide
w 2qxin the mastoparan-induced Ca elevation wascyt
examined. First, the effect of hydrogen peroxide on
w 2qxCa was examined in the tobacco cells. A tran-cyt
w 2qxsient Ca elevation was observed when the to-cyt
bacco cells were treated with hydrogen peroxide Fig.
.2 ; The aequorin luminescence rose immediately after
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w 2q xFig. 2. The effect of hydrogen peroxide on Ca of thecyt
tobacco cells. The tobacco cells containing aequorin in their
cytosol were treated with the indicated concentrations of hydro-
gen peroxide at the indicated time with arrows, and luminescence
continuously recorded. Similar results were obtained in five
independent experiments.
the treatment and returned to the original level within
1 min as observed in the mastoparan treatment. The
w 2qxCa elevation was dependent on the concentra-cyt
tion of hydrogen peroxide. These observations sup-
port the possibility that mastoparan may induce hy-
drogen peroxide production and subsequently induce
w 2qxthe Ca elevation. Next, we attempted to detectcyt
active oxygen species produced in response to
mastoparan using CLA. Mastoparan treatment did not
produce CLA luminescence, indicating that
mastoparan did not induce Oy production in these2
cells. To exclude the involvement of active oxygen
species other than Oy or a trace amount of Oy under2 2
its detection limit, the effects of scavengers of active
w 2qxoxygen species on the mastoparan-induced Ca cyt
elevation was further examined. Pretreatment of the
 .tobacco cells with catalase 125mgrml , superoxide
 . ydismutase 330 Urml , an O scavenger Tiron2
 . X5 mM , an POH scavenger N, N -dimethylthiourea
 .5 mM , had no effect on the mastoparan-induced
w 2qxCa elevation. These results indicate that hydro-cyt
w 2qxgen peroxide induces the Ca elevation but hy-cyt
drogen peroxide, Oy and POH may not be involved2
w 2qxin the mastoparan-induced Ca elevation. Incyt
other words, externally added hydrogen peroxide in-
w 2qxduces the Ca elevation via a pathway differentcyt
w 2qxfrom the mastoparan-induced Ca elevation.cyt
3.3. Ca2q originates from an intracellular store ˝ia
stimulation of PI turno˝er in the mastoparan-induced
[ 2q]Ca ele˝ationc yt
To identify the Ca2q source of the mastoparan-in-
w 2qxduced Ca elevation, the tobacco cells werecyt
pretreated with various inhibitors of calcium transport
systems. The inhibitors of voltage-dependent Ca2q
channels, verapamil, nifedipine and diltiazem 5 mM
.  .each , and a calcium antagonist LaCl 1 mM had no3
w 2qxeffect on the Ca elevation. Depletion of extra-cyt
cellular Ca2q by 5 mM EGTA also had no effect. An
intracellular Ca2q antagonist, TMB-8 significantly
w 2qxreduced the Ca elevation in a concentration-de-cyt
 .pendent manner Fig. 3 . These results suggest that
w 2qxthe mastoparan-induced Ca elevation is causedcyt
by Ca2q release from the intracellular stores, because
TMB-8 has been reported to inhibit IP -induced Ca2q3
w xrelease from the vacuole 25 . Thereafter, we exam-
ined the effect of neomycin which inhibits PI turnover,
w 2qxon the mastoparan-induced Ca elevation. Fig. 4cyt
w 2qxshows that neomycin inhibited Ca elevation incyt
a dose-dependent manner.
3.4. Acti˝ation of protein kinases by the mastoparan
treatment
Protein kinase activities in the tobacco cells treated
with mastoparan were detected with the in-gel protein
 .kinase assay. As shown in Fig. 5 A , 50 and 75 kDa
protein kinases were activated 2–5 min after the
mastoparan treatment and deactivated thereafter. A
80 kDa protein kinase seemed to be slightly activated.
The activation of these protein kinases was not in-
  ..duced by Mas-17 Fig. 5 B . To examine whether
w 2qxthe preceding Ca elevation is requisite forcyt
mastoparan-induced activation of the protein kinases,
the effect of neomycin, which completely suppressed
w 2qx  .the mastoparan-induced Ca elevation Fig. 4cyt
on the activation of the protein kinases, was exam-
ined. Pretreatment with 100 mM neomycin for 1 min
inhibited the mastoparan-induced activation of pro-
  ..tein kinases Fig. 5 C , suggesting that PI turnover
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Fig. 3. The effect of TMB-8 on the mastoparan-induced increase
w 2q xin Ca . The tobacco cells containing aequorin in theircyt
cytosol were pretreated with the indicated concentrations of
 .TMB-8 for 20 min. A At the arrows the cells were treated with
10 mM mastoparan and luminescence was continuously recorded.
Similar results were obtained in five independent experiments.
 . w 2q xB The Ca calibrated at the luminescence peak induced bycyt
various concentrations of mastoparan. Bars are standard errors
 .ns5 .
may be involved in the mastoparan-induced activa-
w 2qxtion of protein kinases possibly via a Ca in-cyt
crease, mediated by IP .3
When the tobacco cells were preincubated for
5 min with staurosporine, an inhibitor of
seriner threonine-type protein kinases, the
mastoparan-induced activation of protein kinases were
  ..markedly suppressed Fig. 6 B , suggesting that 50,
75 and 80 kDa protein kinases were activated by a
 .putative protein kinase s . Preincubation of the cells
for 5 min with calyculin A, a potent inhibitor of
protein phosphatase 1 and 2A enhanced the
mastoparan activation of the protein kinases and sus-
tained the activated-state for at least 10 min Fig.
 ..6 C , indicating that these protein kinases were
down-regulated by a putative calyculin A-sensitive
 .protein phosphatase s . The effects of these inhibitors
suggest that the mastoparan-activated protein kinases
are regulated directly, or indirectly by protein phos-
phorylationrdephosphorylation. When the extracts of
mastoparan-treated tobacco cells were treated with
w xalkaline phosphatase as previously reported 28 , these
protein kinases as well as other protein kinases de-
tected by the in-gel assay were completely inacti-
 .vated data not shown , indicating that the phosphory-
w 2q xFig. 4. Inhibition of mastoparan-induced increase in Ca bycyt
neomycin. The tobacco cells containing aequorin in their cytosol
were pretreated with neomycin sulfate at the indicated concentra-
 .tions for 1 min. A At the arrows the cells were treated with
10 mM mastoparan and luminescence was continuously recorded.
Similar results were obtained in five independent experiments.
 . w 2q xB The Ca calibrated at the luminescence peak induced bycyt
various concentrations of mastoparan. Bars are standard errors
 .ns5 .
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Fig. 5. Mastoparan-induced activation of protein kinases in the tobacco cells and its inhibition by neomycin. The tobacco cells were killed
 .  .  .by 10% trichloroacetic acid at indicated times after the treatment with A 10 mM mastoparan or B 10 mM Mas-17. C The cells were
preincubated for 1 min with 100 mM neomycin sulfate and treated with 10 mM mastoparan, and killed at indicated times. The cell extracts
were subjected to SDS-PAGE followed by in-gel protein kinase assays. Molecular masses of standard proteins are indicated at the left of
gels. The arrows indicate the 80, 75 and 50 kDa protein kinases from top to bottom.
Fig. 6. The effects of staurosporine and calyculin A on the
activation of protein kinases by mastoparan. The tobacco cells
 .were preincubated for 5 min with 1mM staurosporine B , 1mM
 .  .calyculin A C or 0.01% DMSO as a solvent control A , and
treated with 10 mM mastoparan. The cells were killed at indicated
times after the treatment of mastoparan and analyzed by in-gel
protein kinase assays. Molecular masses of standard proteins are
indicated at the left of gels. The arrows indicate the 80, 75 and
50 kDa protein kinases from top to bottom.
lated forms have the kinase activities. Therefore, the
activities of these protein kinases are supposed to be
 .directly regulated by a putative protein kinase s and
 .a putative protein phosphatase s .
4. Discussion
The present study showed that mastoparan induced
w 2qxthe transient increase in Ca and, subsequently,cyt
the activation of protein kinases in the tobacco sus-
w xpension culture cells. Gelli et al. 6 reported that a
race-specific fungal elicitor induced activation of a
plasma membrane, Ca2q-permeable channel in tomato
protoplasts and mastoparan mimicked the effect of
the elicitor. This report, suggesting that mastoparan
induces Ca2q influx across the plasma membrane, is
inconsistent with our result which indicates that ex-
tracellular Ca2q is not required for the mastoparan-
w 2qx 2qinduced Ca elevation. The Ca -permeablecyt
w xchannel observed by Gelli et al. 6 may not be
involved in the process of mastoparan-induced Ca2q
w xmobilization detected by us. Suh et al. 26 reported
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that mastoparan produces pores on the plasma mem-
brane which mostly contribute to increase in cytoso-
lic Ca2q. These pores should participate in Ca2q
influx and may not contribute to the intracellular
2q w 2qxCa mobilization. The mastoparan-induced Ca cyt
 .elevation was prevented by TMB-8 Fig. 3 and
 .neomycin Fig. 4 , but not by depletion of extracellu-
lar Ca2q and by the compounds which inhibit influx
of extracellular Ca2q. These results suggest that the
w 2qxmastoparan-induced Ca elevation is caused bycyt
stimulation of PI turnover, followed by IP -dependent3
Ca2q release from the intracellular stores. Stimula-
tion of PLC and increase in IP level by mastoparan3
w x w xwere reported in soybean cells 15 , carrot cells 4
w xand pollen tubes of Papa˝er rhoeas 5 . The vacuole
as well as the ER is known to serve as a major
compartment for the sequestration and storage of
2q w xCa in plant cells 19 . It was reported that IP3
induces Ca2q release from vacuolar membrane vesi-
w x w xcles 25 and whole vacuoles 1 , and that TMB-8
blocks IP -induced Ca2q release from vacuolar mem-3
w xbrane vesicles of oat roots 25 .
w 2qxAs the Ca elevation is prerequisite for thecyt
activation of the protein kinases in the mastoparan-
2q  .treated tobacco cells, Ca -dependent process es may
be essential for mastoparan signal transduction path-
way. Ca2q-dependent protein kinase with
calmodulin-like domain which has been detected in
w x 2qthe tobacco cells 28 or Ca rcalmodulin-dependent
protein kinase may be the upstream kinases of the 50,
75 and 80 kDa protein kinases in a protein kinase
 .cascade s in the mastoparan signal transduction
pathway. However, protein tyrosine kinase seems not
to be involved in the protein kinase cascade, because
genistein had no effect on the activation of protein
 .kinases data not shown .
We have reported the activation of protein kinases
with molecular masses of 50, 75 and 80 kDa in
response to hypoosmotic shock in the tobacco cells
w x28 . The mastoparan-activated protein kinases re-
ported here have also molecular masses of 50, 75 and
80 kDa. Both the osmo-responsive and the
mastoparan-responsive protein kinases were activated
w 2qxby phosphorylation, and the preceding Ca ele-cyt
vation was necessary for the activation of both types
of protein kinases. However, the source of Ca2q was
w xdifferent; hypoosmotic shock is extracellular 27 and
mastoparan intracellular. We have found in a halotol-
erant green alga Dunaliella tertiolecta that hypo- and
hyper-osmotic shocks activate protein kinases with
the same molecular mass but with different substrate
w xspecificities and different activation time courses 31 .
The molecular masses of respective counterparts are
not distinguishable, but it is not known whether, or
not, they are identical molecules.
Although mastoparan has been known as a G-pro-
tein activator, we have no evidence that G-protein is
w 2qxinvolved in mastoparan-induced Ca elevation:cyt
w 2qxCholera toxin did not induce Ca elevation andcyt
pertusiss toxin had no effect on mastoparan-induced
w 2qx  .Ca elevation data not shown . On the othercyt
side, mastoparan has been shown to regulate various
enzymes besides G-proteins, as described in Section
1. Further analysis is necessary to elucidate the mech-
w 2qxanism that mastoparan induces Ca elevation.cyt
Acknowledgements
We thank Prof. M. Cormier for permitting the use
of apoaequorin cDNA and Prof. A.J. Trewavas and
Dr. M.R. Knight for a gift of pMAQ2. This research
was partly supported by a Grant-in-Aid for Scientific
Research from the Ministry of Education, Culture and
 .Science, Japan No. 06304023 .
References
w x1 G.J. Allen, D. Sanders, Osmotic stress enhances the compe-
tence of Beta ˝ulgaris vacuoles to respond to inositol
 .1,4,5-trisphosphate, Plant J. 6 1994 687–695.
w x2 D.S. Bush, Calcium regulation in plant cells and its role in
signaling, Annu. Rev. Plant Physiol. Plant Mol. Biol. 46
 .1995 95–122.
w x3 S. Chandra, P.F. Heinstein, P.S. Low, Activation of phos-
pholipase A by plant defense elicitors, Plant Physiol. 110
 .1996 979–986.
w x4 M.H. Cho, Z. Tan, C. Erneux, S.B. Shears, W.F. Boss, The
effects of mastoparan on the carrot cell plasma membrane
polyphosphoinositide phospholipase C, Plant Physiol. 107
 .1995 845–856.
w x5 V.E. Franklin-Tong, B.K. Drobak, A.C. Allan, P.A.C.
Watkins, A.J. Trewavas, Growth of pollen tubes of Papa˝er
rhoeas is regulated by a slow-moving calcium wave propa-
 .gated by inositol 1,4,5-trisphosphate, Plant Cell 8 1996
1305–1321.
( )K. Takahashi et al.rBiochimica et Biophysica Acta 1401 1998 339–346346
w x6 A. Gelli, V.J. Higgins, E. Blumwald, Activation of plant
membrane Ca2q-permeable channels by race-specific fungal
 .elicitors, Plant Physiol. 113 1997 269–279.
w x7 P.K. Hepler, R.O. Wayne, Calcium and plant development,
 .Annu. Rev. Plant Physiol. 36 1985 397–439.
w x8 M. Isobe, H. Takahashi, K. Usami, M. Hattori, Y. Nishigohri,
Bioluminescence mechanism on new system, Pure Appl.
 .Chem. 66 1994 765–772.
w x9 H. Kauss, W. Jeblick, Influence of salicylic acid on the
induction of competence for H O elicitation, Plant Physiol.2 2
 .111 1996 755–763.
w x10 H. Knight, A.J. Trewavas, M.R. Knight, Cold calcium sig-
naling in Arabidopsis involves two cellular pools and a
change in calcium signature after acclimation, Plant Cell 8
 .1996 489–503.
w x11 M.R. Knight, A.K. Campbell, S.M. Smith, A.J. Trewavas,
Transgenic plant aequorin reports the effects of touch and
cold-shock and elicitors on cytosolic calcium, Nature 352
 .1991 524–526.
w x12 M.R. Knight, N.D. Read, A.K. Campbell, A.J. Trewavas,
Imaging calcium dynamics in living plants using semi-syn-
 .thetic recombinant aequorins, J. Cell Biol. 121 1993 83–90.
w x13 M. Komatsu, A.M. McDermott, S.L. Gillison, G.W.G. Sharp,
Mastoparan stimulates exocytosis at a Ca2q-independent late
site in stimulus–secretion coupling, J. Biol. Chem. 268
 .1993 23297–23306.
w x14 L. Legendre, P.F. Heinstein, P.S. Low, Evidence for partici-
pation of GTP-binding proteins in elicitation of the rapid
oxidative burst in cultured soybean cells, J. Biol. Chem. 267
 .1992 20140–20147.
w x15 L. Legendre, Y.G. Yueh, R. Crain, N. Haddock, P.F. Hein-
stein, P.S. Low, Phospholipase C activation during elicita-
tion of the oxidative burst in cultured plant cells, J. Biol.
 .Chem. 268 1993 24559–24563.
w x16 E.M. Linsmaier, F. Skoog, Organic growth factor require-
 .ments of tobacco tissue cultures, Physiol. Plant. 18 1965
100–127.
w x17 P.A. Millner, B.E. Causier, G-protein coupled receptors in
 .plant cells, J. Exp. Bot. 47 1996 983–992.
w x18 T. Munnik, S.A. Arisz, T. de Vrije, A. Musgrave, G-protein
activation stimulates phospholipase D signaling in plants,
 .Plant Cell 7 1995 2197–2210.
w x 2q19 S. Muto, Intracellular Ca messenger system in plants,
 .Internl Rev. Cytol. 142 1992 305–345.
w x20 M. Nakano, K. Sugioka, Y. Ushijima, T. Goto, Chemilumi-
nescence probe with Cypridina luciferin analog, 2-methyl-
w x6-phenyl-3,7-dihydroimidazo 1,2-a pyrazin-3-one, for esti-
mating the ability of human granulocytes to generate Oy,2
 .Anal. Biochem. 159 1986 363–369.
w x21 A. Perianin, R. Snyderman, Mastoparan, a wasp venom
peptide, identifies two discrete mechanisms for elevating
cytosolic calcium and insositol trisphosphates in human
 .polymorphonuclear leukocytes, J. Immunol. 143 1989
1669–1673.
w x22 A.H. Price, A. Taylor, S.J. Ripley, A. Griffiths, A.J. Tre-
wavas, M.R. Knight, Oxidative signals in tobacco increase
 .cytosolic calcium, Plant Cell 6 1994 1301–1310.
w x23 E.M. Ross, T. Higashijima, Regulation of G-protein activa-
tion by mastoparans and other cationic peptides, Methods in
 .Enzymol. 237 1994 26–37.
w x24 G.F.E. Scherer, Stimulation of growth and phospholipase
A by the peptides mastoparan and melittin and by the2
auxin 2,4-dichlorophenoxyacetic acid, Plant Growth Regul.
 .11 1992 153–157.
w x25 K.S. Schumaker, H. Sze, Inositol 1,4,5-triphosphate release
Ca2q from vacuolar membrane vesicles of oat roots, J. Biol.
 .Chem. 262 1987 3944–3946.
w x26 B-C. Suh, S-K. Song, Y-K. Kim, K-T. Kim, Induction of
cytosolic Ca2q elevation mediated by Mas-7 occurs through
 .membrane pore formation, J. Biol. Chem. 51 1996 32753–
32759.
w x27 K. Takahashi, M. Isobe, M.R. Knight, A.J. Trewavas, S.
Muto, Hypoosmotic shock induces increases in cytosolic
Ca2q in tobacco suspension culture cells, Plant Physiol. 113
 .1997 587–594.
w x28 K. Takahashi, M. Isobe, S. Muto, An increase in cytosolic
calcium ion concentration precedes hypoosmotic shock-in-
duced activation of protein kinases in tobacco suspension
 .culture cells, FEBS Lett. 401 1997 202–206.
w x29 A.J. Trewavas, M.R. Knight, Mechanical signalling, calcium
 .and plant form, Plant Mol. Biol. 26 1994 1329–1341.
w x30 E.B. Tucker, W.F. Boss, Mastoparan-induced intracellular
Ca2q fluxes may regulate cell-to-cell communication in
 .plants, Plant Physiol. 111 1996 459–467.
w x31 T. Yuasa, S. Muto, Activation of 40 kDa protein kinases in
response to hypo- and hyperosmotic shock in the halotoler-
 .ant alga Dunaliella tertiolecta, Plant Cell Physiol. 37 1996
35–42.
